Hyponatremia of any cause represents the most common electrolyte disturbance of hospitalized patients, affecting up to 30% \[[@CIT0001], [@CIT0002]\]. To date, diagnosis and treatment of hyponatremia are not considered ideal \[[@CIT0003], [@CIT0004]\], and the respective guidelines established in the United States \[[@CIT0005]\] and Europe \[[@CIT0006]\] document existing controversies resulting from the lack of evidence.

In at least 30% of cases, hyponatremia is a result of the syndrome of inappropriate secretion of antidiuretic hormone (SIADH) \[[@CIT0007]\], first described by Bartter and Schwartz \[[@CIT0008]\]. Antidiuretic hormone (ADH) also known as arginine vasopressin (AVP) is released from the posterior pituitary and responds to increased serum osmolality to retain water in the nephrons. In SIADH, unregulated AVP secretion either from the posterior pituitary gland or an abnormal nonpituitary source results in antidiuresis, eventually resulting in hyponatremia.

Disorders affecting the pituitary and/or the hypothalamus are known to be associated with dysregulation of AVP/ADH secretion, such as SIADH \[[@CIT0009], [@CIT0010]\]. Adenomas are the most common pituitary tumors, with an overall estimated prevalence of 14% in autopsy studies and 22% in radiological studies \[[@CIT0011]\]. Complications of pituitary surgery comprise anterior pituitary insufficiency of 5% to 19% \[[@CIT0012], [@CIT0013]\] and, due to the inevitable manipulation of the neurohypophysis, disturbances of water, electrolytes, and osmoregulation, including 18% to 23% presenting with hyponatremia \[[@CIT0014]\]. Available data on the pathogenesis of hyponatremia after pituitary surgery point towards a bi- or triphasic release pattern of AVP/ADH. Following an early secretional arrest, an unregulated AVP release from the affected posterior pituitary or from degenerating magnocellular neurons may occur some days after surgery, finally returning to a residual AVP secretion \[[@CIT0017]\]. The timing of delayed hyponatremia is similar to the interphase that is seen after experimentally induced \[[@CIT0018]\] or clinically observed diabetes insipidus \[[@CIT0019]\]. Hyponatremia resulting from impaired aquaresis \[[@CIT0020]\] may be further amplified, since water intake in man is not appropriately reduced, unlike in animals \[[@CIT0021]\].

Abnormal water and electrolyte handling in hyponatremia creates an osmotic gradient promoting the shift of water into brain cells \[[@CIT0022]\], potentially causing cerebral edema \[[@CIT0023]\]. Even in asymptomatic patients, hyponatremia may be responsible for adverse effects like gait instability \[[@CIT0024]\]. Unless hyponatremia is corrected promptly and effectively, morbidity and mortality increase through seizures or elevation in intracranial pressure \[[@CIT0025]\].

Current treatment recommendations for the management of hyponatremia are based on the differentiation of acute and chronic hyponatremia, the underlying etiology, and the existence of symptoms \[[@CIT0005]\], while historically treatment was targeted at relief of symptoms and consisted of fluid restriction \[[@CIT0026], [@CIT0027]\]. In a single-center study, following pituitary surgery, a universal 1 L per day of fluid restriction for 1 week postoperatively was used quite successfully to prevent hospital readmission due to hyponatremia following early discharge \[[@CIT0028]\]. However, AVP receptor antagonists (vaptans) have been assessed to treat SIADH after surgery for Cushing disease \[[@CIT0029]\]. Given the lack of evidence-based postoperative practices in pituitary surgery regarding SIADH treatment, a recent audit revealed that fluid restriction is used most often (46/74, 62.2%), while a minority of physicians apply additional therapies such as NaCl tablets (25.7%), hypertonic saline (6.7%), or vaptans (17.6%) \[[@CIT0030]\].

Vaptans, the specific AVP receptor antagonists, represent a novel therapeutic option in SIADH. In the kidney, ADH/AVP acts on vasopressin V2 receptors of the principal cells of the cortical and medullary collecting tubules to increase water permeability, thereby mediating an antidiuretic response. While randomized prospective trials show a consistent benefit of vaptans over placebo \[[@CIT0031], [@CIT0032]\], there exists no head to head trial with fluid restriction \[[@CIT0033]\]. In neurosurgery, and specifically following pituitary surgery, as yet only case reports on the use of vaptans for hyponatremia have been published \[[@CIT0016], [@CIT0034]\].

The purpose of this prospective study was to evaluate the efficacy of fluid restriction versus tolvaptan at a low (3.75 mg) and a moderate (7.5 mg) dose in the treatment of hyponatremia due to SIADH following pituitary surgery with regard to the interval to re-establish normonatremia. While a rapid correction of chronic hyponatremia leaves the patient vulnerable to the risk of osmotic demyelination syndrome (ODS) \[[@CIT0037]\], case reports demonstrate that even a careful correction protocol in hyponatremia following pituitary surgery can be associated with severe neurological deficits due to ODS \[[@CIT0038]\]. Hence, safety was assessed by the occurrence of serum sodium overcorrection (\>10 mmol/L per 24 hours).

1.Material and Methods {#s1}
======================

Patients in the Department of Neurosurgery, University of Erlangen-Nürnberg, undergoing surgery for sellar lesions were prospectively included. All procedures performed involving human participants were in accordance with the ethics standards of the institutional research committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethics standards. The protocol of this study was approved by the local Ethics Committee (Re.-No. 103_12 BC) and has been registered at ClinicalTrials.gov (ID NCT04119206). Informed written consent was given by the patient or the next-of-kin in each case. Exclusion criteria comprised those below 18 years of age, pregnancy, and a drug intolerance.

A.Patients {#s2}
----------

Baseline information included age, gender, body mass index, and clinical presentation. The preoperative work-up comprised an ophthalmological examination, 1.5-Tesla magnetic resonance imaging with 2-mm axial, coronal, and sagittal sections revealing tumor localization, extension, and invasive behavior. Microsurgery was always performed by the same experienced neurosurgeon (M.B.). Macroscopic delineation and invasiveness, surgical manipulation of the pituitary stalk and extent of tumor resection, surgical complications, and intraoperative cerebrospinal fluid (CSF) leak were documented. The tumor and the dura of the floor of the sella were examined histopathologically, including proliferation rate, regressive changes, or atypical findings. Routine laboratory work-up included creatinine, urea, and alanine aminotransferase.

Pre- and postoperative endocrine testing of the pituitary function comprised basal values of cortisol, growth hormone, insulin-like growth factor 1, thyroid-stimulating hormone (TSH), free thyroxine, total triiodthyronine, luteinizing hormone \[[@CIT0041]\], follicle-stimulating hormone, testosterone \[[@CIT0042]\], estradiol, and prolactin (PRL). Insufficiency of the corticotropic axis was determined by a short synacthen test (adrenocorticotropic hormone; ACTH), stimulated with 0.25 mg of synacthen (Syntropin, Novartis Pharma, Nuremberg, Germany) intravenously, and serum cortisol measurement at 0 and 30 minutes.

B.Surveillance {#s3}
--------------

Postoperatively, all patients were transferred to the general floor and hospitalized for a minimum of 10 days. Fluid intake, body weight, and urine volume with specific gravity were documented daily, along with blood pressure and heart rate 3 times a day. Blood samples for the assessment of electrolytes were taken on days 1, 2, 3, 5, 7, and 9 in the morning at 6:00 [am]{.smallcaps}. Assessment of endocrine function including basal values and dynamic testing was performed on day 7 and after 12 weeks. No routine hormonal replacement was performed in patients who did not suffer preoperatively from a deficiency. Patients in whom the neurosurgeon suspected intraoperative pituitary compromise received hydrocortisone substitution (100 mg on day 1, 80 mg on day 2, 60 mg on day 3, 30 mg on day 4, 25 mg maintenance dosage starting on day 5). On the first postoperative day, levels of cortisol and ACTH were tested in patients with Cushing disease. If they demonstrated an insufficiency postoperatively, they were treated with the hydrocortisone substitution protocol.

C.Analytical Methods {#s4}
--------------------

Venous blood samples were drawn in the morning between 6:00 and 8:00 [am]{.smallcaps} into precooled tubes. Clotted samples were promptly centrifuged at 3000*g* for 15 minutes at 4°C, and then plasma was frozen at --80°C until analysis.

An automated system (Immulite®2000, Diagnostic Products Corporation) was used for the following serum hormone measurements: Serum cortisol levels \>10.5 µg/dL, with an assay sensitivity of 0.20 µg/dL, was considered normal \[[@CIT0043]\]; a cortisol response peak to the ACTH test higher than 18 µg/dL was considered adequate; insulin-like growth factor of 135 to 485 ng/mL (18-30 years), 120 to 397 ng/mL (31-40 years), 113 to 306 ng/mL (41-50 years), 100 to 250 ng/mL (51-60 years), and 92 to 229 ng/mL (\>60 years) (assay sensitivity of 20 ng/mL); LH \>0.25 U/L (follicular phase) and \>20 U/L (menopausal) in women, and \>1 U/L in men (assay sensitivity of 0.05 mIU/mL); follicle-stimulating hormone \>0.25 U/L (follicular phase) and \>30 U/L (menopausal) in women, and \>1 U/L in men (assay sensitivity of 0.1 mIU/mL); testosterone \>90 ng/dL in men (assay sensitivity of 15 ng/dL); estradiol \>60 pg/mL (follicular phase) and \>10 pg/mL (menopausal) in women (assay sensitivity of 15 pg/mL); PRL \<500 µU/L (assay sensitivity of 0.16 µU/L). PRL serum concentrations were considered normal \<360 ng/mL in men and \<530 ng/mL in women. TSH serum concentrations were considered normal \>0.45 µU/mL, free thyroxine \>0.77 ng/dL, and fT3 \>0.8 ng/mL.

D.Study design {#s5}
--------------

Treatment of hyponatremia was initiated as soon as serum sodium dropped below 136 mmol/L, and SIADH was confirmed by euvolemia (daily measurement of body weight and fluid balance), an inappropriately concentrated urine (bedside test of specific gravity), and exclusion of an ACTH or TSH deficiency. Patients with newly diagnosed ACTH deficiencies after day 5 were treated with a hydrocortisone maintenance dosage of 25 mg. The established treatment regimen of hyponatremia consisted of a restriction of fluid intake \<1L (fluid restriction). In a second cohort of patients, fluid restriction was replaced by a low dosage of tolvaptan (tolvaptan 3.75 mg), and in a third cohort by a moderate dosage (tolvaptan 7.5 mg). Whenever patients were symptomatic or suffered from severe hyponatremia, they were additionally treated with 100 mL of 3% NaCl intravenously. The pharmacy of the university hospital provided 3.75 and 7.5 tablets after pestling the 15-mg formulation and coating. Primary study endpoints of efficacy were the duration of hyponatremia, serum sodium nadir, and length of hospitalization.

In order to avoid a serum sodium overcorrection, we established a tight follow-up regimen. The serum sodium concentration was rechecked after 12 hours at 6:00 [pm]{.smallcaps}. Patients whose serum sodium concentration further dropped below 132 mmol/L were treated with a second tablet of tolvaptan; serum sodium was measured the next day at 6:00 [am]{.smallcaps}. Patients whose serum sodium was increased by not more than 5 mmol/L underwent the next blood check on the next day at 6:00 [am]{.smallcaps}. Tolvaptan was discontinued in patients whose serum sodium increased by more than 5 mmol/L within the following 12 hours; they were treated with 1 L of tea/water or a 500-mL 5% glucose infusion. Study endpoint of safety was the occurrence of symptoms and an overcorrection of the serum sodium concentration above 10 mmol/L per 24 hours.

E.Statistical Analysis {#s6}
----------------------

One year before the study began, we established the baseline of the estimated incidence of hyponatremia in pituitary surgery. Out of 233 patients, 40 patients (17.2%) developed mild hyponatremia, 22 patients (9.4%) moderate, and 8 patients (3.4%) severe hyponatremia ([Fig. 1](#F1){ref-type="fig"}). Despite the established fluid restriction, serum sodium was below the threshold of 136 mmol/L for a mean of 4.2 ± 2.6 days (respectively below 133 mmol/L for 2.8 ± 2.1 days \<133 mmol/L). To demonstrate a 50% reduction by a treatment with a probability of a type I error of 0.05 and a power of 80%, the minimum sample size to be included was 24 (resp. 35) patients per group. Parametric variables are given as mean and standard deviation, nonparametric data as median and range. SPSS statistical software (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses. Group comparisons for categorized variables were performed using the chi-square test and the Kruskal--Wallis test for continuous variables. Significance was accepted at *P \< *.05.

![Serum sodium following pituitary surgery. Data from the prestudy period demonstrate the relative incidence of severe, moderate, and mild hyponatremia as well as the biphasic course of serum sodium following manipulation of the pituitary. Mean serum sodium is given ± standard error of mean.](bvaa068f0001){#F1}

2.Results {#s7}
=========

Over a 3-year period, a total of 334 patients undergoing surgery for sellar lesions were included prospectively ([Fig. 2](#F2){ref-type="fig"}). In the first year of the study, 46 out of 227 patients (20.3%) developed hyponatremia during the postoperative course and were treated with fluid restriction as described above. The second cohort of 43 patients with postoperative hyponatremia was treated with 3.75 mg of tolvaptan, and the third cohort of 64 patients was treated with 7.5 mg of tolvaptan. Due to missing data, 31 patients were excluded, resulting in a total of 303 patients included in the final analysis.

![CONSORT diagram of patient recruitment.](bvaa068f0002){#F2}

A.Clinical Presentation and Radiological Findings {#s8}
-------------------------------------------------

The age and gender distribution as well as the body mass index of the different treatment groups are presented in [Table 1](#T1){ref-type="table"}. A total of 151 patients (49.8%) were diagnosed because of a pituitary dysfunction; in 64 patients (21.1%) it was an incidental finding, and in 27 patients (8.9%) temporal visual deterioration was present. No relevant difference in preoperative routine laboratory assessment of liver or kidney function was evident. Due to the cohort study design, recruiting patients to the different treatment groups sequentially over 3 years, some shift in the patient's diagnosis was evident. The prevalence of macroadenoma causing anterior pituitary deficiency decreased, while more patients with ACTH producing microadenoma were treated ([Table 1](#T1){ref-type="table"}).

###### 

Preoperative patient characteristics

                                                                                                                                                                                                  Serum Na^+^ \> 135 mmol/L                                              Serum Na^+^ ≤ 135 mmol/L                                                                                                                                     
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------- ---------------------------------------------------------------------- ------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------
                                                                                                                                                                                                  **Control (N = 177)**                                                  **Fluid restriction (N = 40)**                                         **Tolvaptan 3.75 mg (N = 38)**                                                        **Tolvaptan 7.5 mg (N = 48)**
  **Age** (years; mean ± SD)                                                                                                                                                                      51.8 ± 17.1                                                            46.4 ± 18.1                                                            50.9 ± 16.1                                                                           56.1 ± 15.2; ^b^*P* = .011
  **Male:female**                                                                                                                                                                                 N = 99:78                                                              N = 17:23                                                              N = 10:28; ^a^*P* \< .001                                                             N = 13:35; ^a^*P* \< .001
  **Clinical findings** **BMI** (mean ± SD) Incidental finding Pituitary insufficiency Temporal visual defect ALT (U/L; mean ± SD) Creatinine (mg/dL; mean ± SD)                                  28.5 ± 6.1 N = 30 N = 94 N = 10 29.8 ± 3.7 0.85 ± 0.25                 24.9 ± 5.6 N = 11 N = 16 N = 2 22.3 ± 1.4 0.86 ± 0.26                  26.4 ± 4.3 N = 3; ^b^*P* = .036 N = 21 N = 9; ^a^*P* = .002 28.4 ± 2.9 0.81 ± 0.15    25.9 ± 5.8 N = 20; ^a^*P* \< .001 N = 20 N = 6 24.7 ± 2.1 0.77 ± 0.18; ^b^*P* = .049
  **MRI tumor location** Intrasellar Suprasellar Parasellar **Tumor size** Anterior--posterior (mm; mean ± SD) Lateral (mm; mean ± SD) Cranio-caudal (mm; mean ± SD) Microadenoma Giant adenoma   N = 43 N = 89 N = 45 20.9 ± 11.0 18.8 ± 8.9 19.6 ± 9.0 N = 34 N = 43   N = 13 N = 21 N = 6 20.2 ± 11.8 17.4 ± 9.8 23.6 ± 21.4 N = 13 N = 10   N = 15 N = 14 N = 9 17.9 ± 12.3 16.1 ± 10.4 19.5 ± 18.8 N = 14; ^a^*P* = .042 N = 5   N = 17 N = 25 N = 6 16.4 ± 9.5; ^a^*P* = .003 15.3 ± 7.7; ^a^*P* = .012 17.7 ± 14.3; ^a^*P* = .008 N = 17; ^a^*P* = .031 N = 6
  **Pituitary insufficiency** Corticotropic Somatotropic Thyreotropic Gonadotropic Diabetes insipidus                                                                                             N = 21 N = 59 N = 15 N = 50 N = 0                                      N = 5 N = 11 N = 4 N = 9 N = 1                                         N = 2; ^a^*P* = .002 N = 6; ^a^*P* = .001 N = 1 N = 13 N = 0                          N = 0; ^a^*P* = .007, ^b^*P* = .041 N = 6; ^a^*P* = .008 N = 3; ^b^*P* = .048 N = 11 N = 1
  **Hormone excess** ACTH GH Prolactin                                                                                                                                                            N = 14 N = 41 N = 39                                                   N = 6 N = 6 N = 14                                                     N = 10; ^a^*P* = .002 N = 3; ^a^*P* = .001 N = 11                                     N = 9; ^a^*P* = .007 N = 13 N = 6; ^b^*P* = .014

Abbreviations: SD, standard deviation; BMI, body mass index; ALT, alanine transaminase; MRI, magnetic resonance imaging; ACTH, adrenocorticotropic hormone; GH, growth hormone.

^a^Comparison tolvaptan versus fluid restriction.

^b^Comparison tolvaptan 3.75 versus 7.5mg.

B.Surgical Treatment {#s9}
--------------------

Twenty-three patients (7.6%) underwent tumor resection via a transcranial approach, in the remaining 280 a standardized transsphenoidal procedure was performed. Some minor differences between treatment groups regarding the percentage of resurgery (10.5-36.7%), accomplished total resection (61.6-79.2%), and intraoperative cerebrospinal fluid (CSF) leak (18.4-45%) was present ([Table 2](#T2){ref-type="table"}). Hyponatremia following surgery of sellar lesions most likely results from a changed ADH release pattern due to manipulation of the pituitary stalk. However, there was no difference regarding the surgical approach or an intraoperatively observed manipulation of the pituitary stalk (12.5-20%) comparing hyponatremic patients with normonatremic controls.

###### 

Intraoperative and histological findings

                                                                                                                                                        Serum Na^+^ \> 135 mmol/L                                          Serum Na^+^ ≤ 135 mmol/L                                                                                                                                     
  ----------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------ --------------------------------------------------------------- -------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------
                                                                                                                                                        **Control (N = 177)**                                              **Fluid restriction (N = 40)**                                  **Tolvaptan 3.75 mg (N = 38)**                                                               **Tolvaptan 7.5 mg (N = 48)**
  **Surgical procedure** Transsphenoidal Transcranial Resurgery Total resection Delineation Invasiveness Pituitary stalk manipulation CSF leak          N = 165 N = 12 N = 65 N = 109 N = 132 N = 55 N = 34 N = 59         N = 38 N = 2 N = 9 N = 26 N = 33 N = 8 N = 8 N = 18             N = 34 N = 4 N = 4; ^a^*P* = .002 N = 26 N = 32 N = 8 N = 6 N = 7                            N = 43 N = 5 N = 10; ^a^*P* = .038 N = 38; ^a^*P* = .024 N = 41 N = 11 N = 6 N = 15; ^b^*P* = .012
  **Histology** Null cell Prolactinoma Somatotropic Gonadotropic Corticotropic Thyreotropic Rathke cleft cyst Craniopharyngioma Meningioma Metastases   N = 23 N = 15 N = 48 N = 55 N = 24 N = 7 N = 3 N = 1 N = 1 N = 1   N = 5 N = 13 N = 5 N = 12 N = 7 N = 0 N = 3 N = 0 N = 1 N = 0   N = 3 N = 4 N = 4 N = 9 N = 10 N = 0 N = 2 N = 2; ^a^*P* = .001 N = 4; ^a^*P* = .001 N = 0   N = 7 N = 1 N = 4 N = 12 N = 5 N = 1 N = 3 N = 1 N = 7; ^a^*P* \< .001 N = 2
  **Serum sodium**, mmol/L, mean ± SD Preoperative Intraoperative                                                                                       139.7 ± 2.1 140.3 ± 2.8                                            139.5 ± 2.2 138.8 ± 2.6                                         139.5 ± 2.0 139.6 ± 2.2                                                                      139.5 ± 2.3 138.8 ± 2.4

Abbreviations: CSF; cerebrospinal fluid; SD, standard deviation.

^a^Comparison tolvaptan versus fluid restriction.

^b^Comparison tolvaptan 3.75 versus 7.5mg.

C.Histological Findings {#s10}
-----------------------

In 278 patients (91.7%), the histological examination revealed an adenoma, in 11 Rathke cleft cyst (3.6%), in 4 craniopharyngioma (1.3%), in 13 meningioma (4.3%), and in 3 metastases (1.0%). As mentioned above, due to the longitudinal study design, there was a slight shift of diagnoses, with a moderately increased prevalence of nonadenoma in both tolvaptan groups.

D.Hyponatremia and Treatment {#s11}
----------------------------

In 6 patients (2.0%), a new ACTH, and in 10 patients (3.3%), a new TSH deficiency occurred postoperatively, which were treated with appropriate substitution therapies as described above ([Table 3](#T3){ref-type="table"}). In 21 of the 39 patients with Cushing disease (54%), serum cortisol levels were normalized postoperatively and were treated with a temporary substitution therapy.

###### 

Postoperative results

                                                                                                                                                                                                                                                                                                                                                              Serum Na^+^ \> 135 mmol/L   Serum Na^+^ ≤ 135 mmol/L                                                                                                                                                                                                                     
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------- -------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                                                                                                                                                                                                                                                                                                              **Control (N = 177)**       **Fluid restriction (N = 40)**                                                                     **Tolvaptan 3.75 mg (N = 38)**                                                                                                            **Tolvaptan 7.5 mg (N = 48)**
  **Pituitary function** New insufficiency  Corticotrope  Thyreotrope Normalized ACTH of Cushing                                                                                                                                                                                                                                                              N = 3 N = 5 N = 9 of 14     N = 1 N = 3 N = 3 of 6                                                                             N = 2 N = 0 N = 7 of 10                                                                                                                   N = 0 N = 2 N = 2 of 9
  **Hyponatremia (mmol/L)** Mild (130-135)  With symptoms Moderate (125-129)  With symptoms Severe (\<125)  With symptoms Nadir Na^+^ (mean ± SD) No. of days Na^+^ ≤135 (median) No. of days Na^+^ ≤132 (median) Na^+^ increment per 24hr (median) No. of patients with Na^+^ increase  \>5 mmol/L per 24 hours  \>10mmol/L per 24 hours  Related symptoms   137.7 ± 2.5                 N = 18 N = 0 N = 15 N = 6 N = 7 N = 6 128.4 ± 3.6 4 (1-11) 2 (1-8) 3.5 (1-12) N = 17 N = 3 N = 4   N = 14 N = 2 N = 15 N = 10 N = 9 N = 8 127.4 ± 3.4 3.5 (1-8) 2 (1-5) 5.2 (1.5-15); ^a^*P*= \< .001 N = 20 N = 14; ^a^*P*= \< .001 N = 5   N = 25 N = 1 N = 17 N = 7 N = 6 N = 5 127.8 ± 3.3 3 (1-7); ^a^*P* = .005, ^b^*P* = .002 2 (1-6); ^a^*P* = .005 7.8 (2-14); ^a^*P*= \< .001 N = 20 N = 21; ^a^*P*= \< .001 N = 5
  **Treatment** Cumulative dose (mg; median) Single dose ALT (U/L; median) Hospital stay (days; median) Cost per patient (Euro)                                                                                                                                                                                                                               23 (5-73) 10 (8-26)         23 (14-189) 12 (9-19)                                                                              7.5; (3.75-18.75) N = 15 (39%) 36 (19-46) 11 (9-24) 69.28                                                                                 15 (7.5-30); ^b^*P* \< .001 N = 22 (46%) 38 (18-94) 11 (9-18) 107.76

Abbreviations: ACTH, adrenocorticotropic hormone; SD, standard deviation; ALT, alanine transaminase.

^a^Comparison tolvaptan versus fluid restriction.

^b^Comparison tolvaptan 3.75 versus 7.5mg.

With regard to *treatment efficacy*, the mean nadir of the postoperative serum sodium concentration did not differ between the treatment groups (fluid restriction: 128.4, tolvaptan 3.75 mg: 127.4, tolvaptan 7.5 mg: 127.8 mmol/L; [Fig. 3](#F3){ref-type="fig"}). Neither the percentage of mild, moderate, or severe hyponatremia nor the percentage of associated symptoms differed between treatment groups ([Table 3](#T3){ref-type="table"}). However, treatment with tolvaptan 7.5 mg resulted in a more rapid increase in mean sodium levels than fluid restriction following initiation of treatment (day 2 post treatment: *P* = .002; day 3 post treatment: *P* = .002; day 4 post treatment: *P* = .003; day 7 post treatment: *P* = .023; [Fig. 4](#F4){ref-type="fig"}). Tolvaptan treatment reduced in a dose-dependent manner the duration of hyponatremia significantly compared with fluid restriction (≤135 mmol/L: fluid restriction: 4, range 1-11, tolvaptan 3.75 mg: 3.5, range 1-8, tolvaptan 7.5 mg: 3, range 1- 7 days, *P* = .005 vs fluid restriction, *P* = .002 vs tolvaptan 3.75mg; ≤132 mmol/L: fluid restriction: 2, range 1-8, tolvaptan 3.75 mg: 2, range 1-5, tolvaptan 7.5 mg: 2, range 1-6 days, *P* = .005; [Table 3](#T3){ref-type="table"}). Patients treated with tolvaptan 3.75 mg received a median cumulative dose of 9 mg (range 3.75-18.75 mg; single dose in 39% of patients), while patients treated with tolvaptan 7.5 mg received a significantly higher median cumulative dose of 15 mg (range 7.5-30 mg; *P* \< .001; single dose in 46% of patients).

![Serum sodium nadir in different treatment groups following pituitary surgery.](bvaa068f0003){#F3}

![Increment of serum sodium following treatment of hyponatremia. *P* values give the comparison with fluid restriction. Mean serum sodium is given ± standard error of mean.](bvaa068f0004){#F4}

In regard to *treatment safety*, in those patients treated with tolvaptan, the median serum sodium increment was significantly higher (5.2, range 1.5-15mmol/L per 24 hours in tolvaptan 3.75 mg and 7.8, range 2-14mmol/L per 24 hours in tolvaptan 7.5 mg vs 3.5, range 1-12mmol/L in fluid restriction, each *P* \< .001; [Table 3](#T3){ref-type="table"}). Although the patients treated with tolvaptan were not on fluid restriction, the serum sodium concentration was overcorrected in significantly more patients following tolvaptan treatment (\>10 mmol/L per 24 hours: N = 14 in tolvaptan 3.75 mg; N = 21 in tolvaptan 7.5 mg vs N = 2 in fluid restriction, each *P* \< .001; [Table 3](#T3){ref-type="table"}). However, overcorrection was graded exclusively on laboratory parameters. The percentage of symptoms like loss of appetite, nausea, headache, or fatigue was the same in the different treatment groups. No effect of tolvaptan on the liver function was observed. The treatment of hyponatremia did not affect the length of hospitalization (fluid restriction: 12, range 9-19 days; tolvaptan 3.75 mg: 11, range 9-24 days; tolvaptan 7.5mg: 11, range 9-18 days).

3.Discussion {#s12}
============

With the development of AVP receptor antagonists, a specific treatment for SIADH has become available. Prospective trials demonstrated a benefit of vaptans over placebo \[[@CIT0031], [@CIT0032]\], but no head to head trial of vaptans with fluid restriction exists \[[@CIT0033]\]. The manipulation of the neurohypophyseal stalk in pituitary surgery typically produces a bi- or triphasic response of AVP/ADH release (secretional arrest, first phase), unregulated release from stored vesicles (SIADH resulting in hyponatremia, second phase), and either subsequent normalization of ADH release or permanent diabetes insipidus (third phase) \[[@CIT0017], [@CIT0044], [@CIT0045]\]. Therefore, hyponatremia following pituitary surgery provides a replicable model of SIADH. Nevertheless, counteracting the antidiuretic AVP/ADH effect with a specific antagonist may result in iatrogenic diabetes insipidus causing a too rapid correction of hyponatremia. Case reports of severe neurological deficits due to ODS even in elective pituitary surgery have been published \[[@CIT0038]\]. Hence, we initiated a prospective study comparing the efficacy and safety of the AVP antagonist tolvaptan at a low (3.75 mg) and a moderate (7.5 mg) dose with our established treatment regimen of fluid restriction in SIADH following pituitary surgery.

There are 3 new findings A. Tolvaptan at a moderate dose is more effective as fluid restriction in re-establishing normonatremia; B. tolvaptan is less safe than fluid restriction in regard to overcorrection of hyponatremia in a dose-dependent manner; C. There was no difference of the duration of hospitalization between the pharmacological treatment with tolvaptan and fluid restriction.

At our institution, a high-volume neurosurgical department of a university hospital, we perform more than 200 pituitary procedures in a standardized fashion annually. The around 25% incidence of hyponatremia following pituitary surgery found in our study represents the upper limit of data from the literature, mostly because of the tight postoperative inpatient surveillance of our patients not waiting for symptoms and requiring readmission \[[@CIT0016], [@CIT0028]\]. Secondly, the threshold for intervention based on the level of hyponatremia varies among authors and most start at a serum sodium of 125-129 mmol/L (64.5%) \[[@CIT0030]\]. At our institution, we use the definition of hyponatremia as a serum sodium concentration below 135 mmol/L \[[@CIT0001], [@CIT0002]\], and apply this threshold for intervention irrespective of clinical symptoms thereby accounting for the relatively high incidence of hyponatremic patients with a preference for women \[[@CIT0046]\], but no association to age \[[@CIT0047]\] or tumor size \[[@CIT0048]\].

The treatment of hyponatremia in general is not ideal \[[@CIT0003], [@CIT0004]\], as documented by different guidelines established in the United States \[[@CIT0005]\] and in Europe \[[@CIT0006]\]. In pituitary surgery, 1 L of free water restriction is used for the prevention of hospital readmission due to SIADH \[[@CIT0028]\], and complies with general recommendations that are mainly symptomatic and consist of fluid restriction \[[@CIT0026], [@CIT0027]\]. Only a minority of neurosurgeons use vaptans (7%) \[[@CIT0030]\], although AVP receptor antagonists have been assessed in a literature review on neurosurgical and neurological adults \[[@CIT0035]\], as well as in patients after Cushing disease surgery \[[@CIT0029]\] and transsphenoidal pituitary surgery \[[@CIT0016], [@CIT0034]\].

Antagonizing the excess AVP secretion in SIADH---causing water retention and dilutional hyponatremia---with specific receptor antagonists like tolvaptan offers a novel treatment option, while restricting the fluid intake remains purely symptomatic. On the other hand, the complete blockage of AVP/ADH action causes diabetes insipidus. Hence, a careful titration of tolvaptan is crucial. The dilutional hyponatremia in SIADH creates an osmotic gradient potentially causing cerebral edema \[[@CIT0022]\] with subsequently increased morbidity and mortality \[[@CIT0025]\]. Vice versa, even in hyponatremia developing within days after pituitary surgery, reversing the osmotic gradient may be hazardous and leaves the patient at the risk of ODS \[[@CIT0037]\]. As demonstrated in [Fig. 1](#F1){ref-type="fig"}, following the secretional AVP arrest with a slight increase in serum sodium around day 2, the subsequent sodium nadir occurs between day 6 and day 8, that is, around 4 days later, thereby not meeting the criteria of acute hyponatremia. A study comparing 15 mg of tolvaptan with a reduced starting dose of 7.5 mg suggests that the latter may also be effective and safe to correct hyponatremia in SIADH \[[@CIT0049]\].

Tolvaptan (Samsca®) is the only vasopressin V2 receptor antagonist approved by the European Medicines Agency for the treatment of hyponatremia resulting from SIADH \[[@CIT0050]\]. Tolvaptan has been evaluated in several studies \[[@CIT0051]\]. The affinity of tolvaptan for the human V2 receptor is 1.8 times that of native AVP. In healthy adult subjects, the oral administration of 7.5- to 120-mg doses of tolvaptan increased the urine excretion rate within 2 hours of dosing. Tolvaptan has linear pharmacokinetics for doses of 7.5 to 60 mg, and following a single oral dose of 7.5 to 60 mg, the daily urine volume increased dose dependently from 3 to 9 L. For all doses, the urine excretion rates returned to baseline levels after 24 hours. The terminal elimination half-life of tolvaptan is about 8 hours and steady-state concentrations of tolvaptan are obtained after the first dose. In line with the pharmacokinetics, tolvaptan resulted in a significant higher increment of the serum sodium concentration than fluid restriction, as well as in significantly more patients whose serum sodium was corrected above our limit of 10 mmol/L per 24 hours. All these effects were dose dependent. In the early studies to assess the safety of oral tolvaptan therapy in SIADH, an overcorrection (\>12 mmol/L per 24 hours) after the first dose of 15 mg of tolvaptan was observed in 3 out of 51 patients (6%) \[[@CIT0051]\]. In our patients, an overcorrection (\>10 mmol/L per 24 hours) was found in 14 out of 38 patients (37%) after 3.75 mg of tolvaptan and in 21 out of 48 patients (44%) after 7.5 mg of tolvaptan (each *P* \< .001 vs fluid restriction). Reviewing the accompanying symptoms in detail revealed that the diagnosis of "overcorrection" was exclusively based on laboratory parameter. No side effects with regard to liver function were assessed \[[@CIT0054], [@CIT0055]\]. The other common adverse effects of tolvaptan like dry mouth and thirst \[[@CIT0031]\] may also occur with fluid restriction. The treatment of hyponatremia with tolvaptan did not affect the length of hospitalization compared with fluid restriction.

Limitations of the study result from the study design. Over the study period of 3 years, the diagnosis of patients admitted for pituitary surgery changed resulting in a significant difference of the distribution of diagnosis between groups. However, since the treatment of hyponatremia was initiated irrespective of the underlying diagnosis as long as SIADH was confirmed, we consider this difference irrelevant. More important is the group difference of the outcome measure "serum sodium overcorrection" verifying treatment safety \[[@CIT0051]\]. In our study, we implemented a serum sodium relowering as soon as the treatment induced serum sodium increment was above 5 mmol/L within 12 hours in order to assure a tight titration of the AVP receptor antagonist between SIADH and diabetes insipidus and to avoid any possibility of ODS in this elective patient group. On the other hand, the instant relowering of the serum sodium resulted occasionally in a yo-yo--type effect of the serum sodium as seen between days 5 and 8 ([Fig. 4](#F4){ref-type="fig"}).

Taken together, this is the first prospective head to head trial of the pharmacological treatment of SIADH with a vasopressin 2 receptor antagonist and fluid restriction demonstrating tolvaptan to be more effective and substantiating attention to its safety.
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ACTH

:   adrenocorticotropic hormone

ALT

:   alanine transaminase

AVP/ADH

:   arginine vasopressin/antidiuretic hormone

BMI

:   body mass index

CSF

:   cerebrospinal fluid

GH

:   growth hormone

LH

:   luteinizing hormone

MRI

:   magnetic resonance imaging

ODS

:   osmotic demyelination syndrome

PRL

:   prolactin

SD

:   standard deviation

SIADH

:   syndrome of inappropriate secretion of antidiuretic hormone

TSH

:   thyroid-stimulating hormone
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